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ABSTRACT 


This report describes a theoretical study of the aerodynamic forces resulting 
from winds acting on flat plate photovoltaic arrays. Local pressure distri- 
butions and total aerodynamic forces on the arrays are shown. Design loads 
are presented to cover the conditions of array angles relative to the c^-ound 
from 20° to 60°, variable array spacings, a ground clearance gap up to 
1.2 m (4 ft) and array slant heights of 2.4 m (8 ft) and 4.8 m (16 ft). 

Several means of alleviating the wind loads on the arrays are detailed. The 
expected reduction of the steady state wind velocity with the se of fences 
as a load alleviation device are indicated to be in excess of a factor of 
three for seme conditions. This yields steady stave wind load reductions 
as much as a factor of ten compared to the load incurred if no fence is used 
to protect the arrays. This steady state wind load reduction is offset by 
the increase in turbulence due to the fence but still an overall load 
reduction of 2.5 can be realized. Other load alleviation devices suggested 
are the installation of air gaps in the arrays, blocking the flow under the 
arrays and rounding the edges cf the array. 

Included is an outline of a wind tunnel test plan to supplement the 
theoretical study and to evaluate the load alleviation devices. 
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1 .0 SUMMARY 


This report describes a theoretical study of the aerodynamic forces resulting 
from winds acting on flat plate photovoltaic arrays. Local pressure distribu- 
tions and the total aerodynamic forces on the arrays are shown, Recorranended 
aerodynamic design loads are presented for use in designing the photovoltaic 
array local structure as well as the overall support structure. Design wind 
loads were calculated to cover the conditions of the array tilt angles of 
from 20” to 60°, a ground clearance gap up to 1.2 m (4 ft), various array 
spacings, array slant height of 2.4 m (8 ft) and 4.8 m (16 ft), and with and 
without the benefit of protective wind barriers. Two wind environments were 
considered; a uniform velocity and a 1/7 power law profile referenced to 40 
meters/sec (90 mph) at 10 m (32.8 ft). 

For flat plates positioned at tilt angles greater than 15°, the air flow 
detaches from the plate and separated flow analysis theories must be used to 
analyze the aerodynamic forces on the flat plates. Using a prototype separated 
flow analysis program developed by the Boeing Commercial Airplane Company, the 
aerodynamic forces were calculated for arrays positioned at several tilt angles 
between 20° and 90° with the wind direction from both the front and rear. From 
the results, it was determined that the aerodynamic loads on the arrays increase 
with increasing tilt angle and decreasing ground clearance. It was also estimated 
that a reduction of wind forces of as much as 60% can be attained by spacing 
the arrays such that the downstream arrays are in the wake of upstream arrays. 
Figure 1-1 summarizes the aerodynamic load sensitivity of arrays for key array 
parameters . 

Because the angle between the sun and the horizon varies, depending on time of 
year and geographic location, the tilt angle of fixed arrays will vary depending 
on their location. Expected wind aerodynamic forces on the arrays in close 
ground proximity were calculated using the normal force coefficients determined 
by the separated flow analysis program and the design wind dynamic pressure on the 
arrays.(The geometric position of the arrays with respect to the ground were con- 
sidered when calculating the wind dynamic pressure). These forces, shown in 
Figure 1-2, are recommended for use in designing the arrays for steady state wind 
loads without the benefit of protective fences. 
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Figure 1- 1. Key Wind Loads Parameters and Their Sensitivity 
in Separated Flow Analyses 
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Figure 1-2. Envelope of Wind Forces per Unit Area on Arrays 

(1/7 Power Law Wind Profiie, No Protective Barriers, 
Single Array) 
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Protective fences can effect a considerable decrease in the wind velocity 
behind the fence compared to the wind velocity windward of the fence. The 
amount of reduction is dependent upon several parameters, particularly the fence 
porosity and the distance behind the fence. In general, the largest decrease in wind 
velocity is located close b^iind the fence. The wind velocity tends to 
increase with increasing distance to the freestream velocity at a distance 
behind the fence of from i3 to 17 times the fence height. Isotachs (lines of 
constant velocity) behind four different porosity fences are presented. These 
isotachs can be used to estimate the aerodynamic forces that photovoltaic 
arrays may incur when positioned at various locations behind a fence. 

Several other techniques were suggested as possible means to reduce the wind 
loads. Incorporating porosity into the arrays at the perimeters of the solar 
panels may reduce the wind forces on the arrays and may also tend to clean 
the arrays by introducing swirling irctions to the wind. Other techniques 
that may reduce wind loads are blocking the flow of air under the arrays and 
rounding the edges of the arrays. 

These wind load reduction techniques will be appraised in a recommended wind 
tunnel test. In addition, the recommended wind tunnel test will also deter- 
mine vs.iether the estimated 60« reduction in wind loads on the arrays can be 
attained when arrays are spaced such that arrays are in the wind wake of other 
arrays . 
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2.0 INTRODUCTION 


This report describes a theoretical analysis of the aerodynamic loading on 
long flat plate photovoltaic arrays resulting from exposure to the wind 
envirorvnent. The study was performed under contract number 954833 to thr 
Jet Propulsion Laboratory as part of the Engineering Area analyses for 
Low-Cost Solar Array (LSA) Project. This project is being managed by JPL 
for the Department of Energy, Division of Solar Technology. 

2.1 Study Objectives 

The Department of Energy (DOE) photovoltaic program^ has the overall objec- 
tive to ensure that photovoltaic conversion systems will contribute signi- 
ficantly (50 GWe) to the nation's energy supply by the year 2000. The DOE 
h£i established specific price goals which are deaiied necessary to achieve 
the desired industry growth ai ' market penetration. These goals, i.e., 
producing energy at 50-80 mills/KW'h by 1986 (expressed in constant 1975 
dollars), are recognized as very challenging, since to meet them industry 
must reduce all aspects of costs related to the construction and maintenance 
of the arrays. 

One such area where some reduction of costs may be attained is in the 
structural costs of the photovoltaic panels, panel and array support struc- 
ture and foundations of a photovoltaic power station. Any reduction in the 
wind design loads will result in some reduction in structural costs. 

Previous studies have shown that the design wind loads on the photc’oitaic 
arrays can significantly affect structure costs. A design st' ly of flat 
plate array support structure showed that the arrays (structural frame- 
work and foundation) costs were of the same order of magnitude as the 
photovoltaic module costs. Furthermore, the array costs were strongly 

dependent on the assumed wind loading, for loads in the range of 3b to 75 

2 

psf. Another conceptual design study evaluated a photovoltaic array design 
using transparent inflated enclosures to protect the modules from wind loads. 
The loading on the enclosures for this study were based on limited data 
available in ‘^he literature, wind tunnel test results, and/or analysis. 
Predicted wind loadings on the enclosures were near the low end of the range 
compared to those used in Reference 3, and showed sign! ficant cost savings 
conipared to conventional array^ vith similar wind loading criteria. 
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This report evaluates the aerodynamic loading on very high aspect ratio (span/ 
chord length is very large) flat plate p,''Otovoltaic arrays located on or in 
close proximity to the ground, in close proximity to each otiier. and exposed 
to the wind environment. The objective of the study was to determine wind 
loading criteria for flat plate photovoltaic arrays with various configura- 
tions in relation to chord lengths, array spacings, height of the arrays from 
the ground, wind directions, and array angles of attack. A further objective 
was to determine means of reducing the aerodynamic loads on the arrays by using 
protective fences, building porosity into the arrays, or any other rechniques 
considered feasible as a load reducing method. 

2.2 Study Ground Rules 

The basic approach to this study was to use existing state of the art theo- 
retical aerodynamic techniques to predict the aerodynamic loads and to inves- 
tigate means of reducing the loads on flat plate arrays. Existing published 
experimental results would be used (when possible) to validate the results and 
to predict aerodynamic flow patterns and loads for conditions that cannot be 
satisfactorily solved by existing theories. 

2.3 Study Requirements 

The requirements of this study involves analysis and test planning with'n 
five specific areas. They are: 

i) Wind Profiles 

ii) Wind Loads on Flat Plates 

iii) Key Wind Loads Parameters and Parameter Sensitivity 

iv) Load Reduction Techniques 

v) Test Prografii Planning 

Non-dimensional wind profiles were to be developed in the vicinity of flat- 
plate array fields with and without protective wind barriers, utilizing 
existing theoretical techniques and data published in the literature. The 
aerodynamic pressure loading and resulting structural support forces are 
strongly dependent on these wind profiles. The aerodynamic pressures and 
forces resulting from the wind environment was to be determined for specific 


6 



free stream wind profiles, wind angles, array heights, spacings, and tilt 
angles and protective barriers. Figures 2.1 and 2.2 summarize these 
array configurations and working environment. Key parameter and the 
parameter sensitivities affecting the aerodynamic loads and rraans of 
reducing the aerodynamic loads were to be determined from the analysis. 

A test program was then to be planned that would verify and augment the 
analytical results. The following is a detailed summary of the statement 
of work. 

• Analytically develop non-dimensional wind profiles in the vicinity 
of, and within flat-plate array fields utilizing existing data found 
in the literature. The wir.d profiles developed in this study were 
to be normalized to the reference profile, a l/7th power wind velo- 
city profile associated with open terrain having a 40 meter/second 
wind velocity at an elevation of 10 meters with sea level standard 
atjnospheric conditions- The following represent areas for evalua- 
tion; 

i) Identify possible natural terrain features that would produce 
a more severe profile than the reference, and depict their 
associated velocity profiles. 

ii) Cwtermine the effects on the reference profile of artificial 
barriers. Determine and depict the -<rcfile downstream from 
the barrier and at specifi®'^ horizontal distances in terms of 
barrier heights and at the point of optimum expected reduction 
in the velocity profile for fences 2.5 and 5.0 meters high for: 
a) solid fences with incideiit wind angles of 0° (head-on) and 

45°. 

50% geometrically porous fences with incident wind angles 
of 0° (head-on) and 45°. 

iii) Identify any variations of the barriers or other types of bar- 
riers that would further reduce the velocity profiles and depict 
their associated profiles. 

iv) Determine the effects on the reference profile of array field 
parameters at a horizontal distance of two meters upstream of 
a single row a'^ray for; 

a) Incident wind angles of 0° (head-on), 45°, 90°, 135°, and 
180°. 
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Figure 2-1. Wind Environment on Study Arrays 



Ground clearance (Z) * 0 • 1.2 m (0 ^ 4 ft) 

■^lant height (C) =- 2.4 m and 4.8m (8 and 16 it) 

Array spacing (X) = 1C -»5C 
Angle of attack ( o ) = 0° 180^ 

Till angle =- 0^ 90® 

Span {Y) = ^ 

Figure 2-2. Array Variables Used to Study Aerodynamic Loxis 
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b) No barrier, the optimum barrier, and an intermediate barrier. 

c) Array field parameters including: 

1) specified array slant heights. 

2) specified array leading edge ground clearance heights. 

3) specified array tilt angles. 

v) Determine the effects on t.he reference profile of rows of arrays. 
Determine and depict the profile at specified horizontal dis- 
tances upstream of an array field and at horizontal distances 
halfway in between specified rows of an array field for: 

a) A combination of array field parameters determined from iv). 

b) Specified incident wind angles. 

c) No barrier, and the optimum barrier wind profile. 

d) Specified array row spacings. 

• Determine the resultant wind loads on the modules and panels that would 
be transmitted to the array support structure and foundations for each 
of the following: 

i) The most severe wind profile found previously at an incident wind 
angle of 0° (head-on), 45®, 90®, 135°, and 180®. 
ii) The optimum barrier wind profile at an incident wind angle of 
0° (head-on), 45°, f0°, 135°, and 180°. 

• Interpret the resultant wind loads on the modules, panels, and support 
structure to identify key parameters, and load sensitivities to those 
parameters. 

• Identify possible design configurations that would further reduce wind 
loading on the arrays. 

• Outline and describa a test program that would verify the analytical 
results including an assessment of the level of confidence of the test 
program results. 
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Report Organization 


The remainder of this report presents the detailed study results with 
proposed design aerodynamic loads and conclusions. Section 3.0 presents 
basic aerodynamic equaclons. definitions, and nomenclature used In the 
analysis. Section 4.0 gives a brief synopsis of the existing literature 
that is related to this study. A brief sumnary of the theoretical results 
^or both potential and separated flow analysis on flat plat arrays Is 
presented and discussed in Section 5.0. Section 6.0 presents proposed 
design loads for flat plate arrays and potential wind load reducing devices 
for the arrays. Proposed wind design pressure distributions along the chord 
of the arrays are presented In Section 7.0. In Section 8.0, the purposes of 
a proposed i«ind tunnel test plan and gains to be realized from a test are 
given. Conclusions and recommendations are In Section 9.0. 

Appendix I presents the detailed results for the theoretical aerodynamic 
analysis of the flat plat arrays In both the separated and potential flow 
regimes. Appendix II details a comprehensive wind tunnel test plan. 
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3.0 SASIC AERODYNAMIC EQUATIONS AND DEFINITIONS 


The analyses used in tnis report required the use of aerodynanic theoretical 
methods and calculated results in aerodynamic terms. Since n«ost people 
employed in the design of photovoltaic arrays are not aerodynanicists , this 
section explains the basic aerodynamic terns and nomenclature and defines 
basic aerodynamic equations such that any engineer may understand the results. 
In addition, synonyms between aerodynamic and solar energy terms are given 
where applicable. 


3.1 Analysis Definitions and Nomenclature 


Aerodynamic coefficients: 

pressure coefficient (C_): 


C 


Pa 


normal force coefficient 

(Cn- S>- 


c 


N 


a 


lift coefficient (Cj^): 


drag coefficient (Cq): 


center of pressure (X): 
Angle of attack ( « ): 


non-dimensional cot.ficients. 
relates lifting surface pressure to 
freestream dynamic pressure, Cp = p/q. 

slope of the pressure coefficient 
curve; relates pressure coefficient 
to angle of attack, Cp = Cp* a. 

relates lifting surface force normal 
to surface to freestream d .anic 
pressure, Cj^ = 

slope of the normal force coefficient 
curve, relates normal force coefficient 
to anqlv of attack, c,, = C,,* a. 

N Na 

relates lifting surface force normal 
to freestream velocity to freestream 
v.ynamic pressure = L/qA. 

relates lifting surface force in 
freestream velocity direction to 
freestream dynamic pressure, Cq D/qA. 

location of total force on lifting 
surface measured from the leading edge. 

angle measured from the wind vector 
to the plane of the lifting surface. 



Array: 


Array fielu. 

/V*>'ay spacing: 

I .pect ratio (A ): 

P4se pressure face: 

)luft body: 


, hord ( C ) : 

Doublet: 

Oynamic pressure (q): 
Ground c 1 earance ( Z ) : 

In M’scid: 

Leading edge: 

Modjle: 

Normal wash, i‘ow..v/ash: 
Panel : 


''late; 


Pressure 

Reyn' Js Number: 


Span (b); 


a mechanically integrated assenAly of 
panels together with support structure 
(including foundations), 
the aggregate of ail arrays, 
horizontal distance measured from one 
array to the identical location on the 
next array. 

aerodynamic geometric parameter (span/ 
chord for a rectangular array), 
downwind side of lifting surface. 

a nonstreaml ine body that causes 
airflow about itself to become 
separated and turbulent, 
distance of array between leading and 
trailing edges and perpendicular to the 
edges, i.e.: slant height of array, 
source and sink located at the same 
location, an analytical device used in 
potential flow theory, 
pressure due to freestream velocity 
(q = .5pV^). 

distance between the ground and the 
lowest point on the panels forming the 
array. 

frictionless flow. 

windward edge of the array. 

the smallest complete environmentally 

protected assembly of solar cells. 

flow of air perpendicular to the lifting 

surface plane. 

a collection of one o. more modules fast- 
ened together forming a field installable 
unit. 

thin rectangular shaped structure that acts 
\ 'lifting surface. 

force per unit area 

indicates inertia effects of fluid. 


distance of an array between the two 
side edges i.e.: length of array. 
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Solar Cell : 


Tilt angle; 

Trail 1m edge: 
Viscous: 
Windward face: 
Yaw angle: 

A: 

V 

V: 

p: 

U: 

v: 

n: 

S: 


the basic photovoltaic device which 
generates electricity when exposed to 
sunlight. 

angle measured from the horizontal to 
the plane of the array panels, 
downwind edge of the array, 
flow that has friction, 
windward side of lifting surface, 
angle measured from wind direction to 
the normal of the array leading edge, 
array surface area, 
length. 

wind velocity, 
air density. 

coefficient of viscosity, 
kinematic viscosity, 
fraction of span, 
area of lifting surface. 


3.2 Solar Energy - Aerodynamic Synonyms 


Solar Energy 

Tilt angle and wind 
direction 

Slant height 

Wind angle 

3.3 Aerodynamic Sign 


Aerodynamics 

Angle of attack 

Chord 
Yaw angle 

Convention and Basic Eat 


Comments 

Restricted to hori- 
zontal winds 

Symbol is a. 

ions 


Sign Convention: 


wind 

vector 



p I + into surface 
I - out of surface (suction) 
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Aerodynamic Equations: 


Pressures and pressure coefficients are related by: 

P = q Cp 

Normal forces and normal force coefficients are related by; 

fN • 

When the pressure coefficients and normal force coefficients are linear 
with respect to angle of attack, the above expressions can be changed to 

p = q Cp-^a 

= q SC -a 
n ri(x 

Normal force coefficient for chordwise strips can be obtained from 
the pressure coefficients by integrating the pressure coefficient 
along the chord and is expressed by: 




C •'c 

or for a surface as: 

=4 //• 


Lift and drag coefficients are related to the normal force coefficient 
by the ^ngle of attack 

C|^ = cos a 

Co = C^ sina 


6. Lift and drag forces are given by: 
L = qSC^ 

0 = q SCr» 
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4,0 HISTORICAL DEVELOPMENTS - AIR FLOW ABOUT BLUFF BODIES 


Until recently, a»st research on the prediction of the aerodynamic forces 
on and air flow about bluff bodies has been concentrated mainly on the flow 
over and around fences and buildings. The number of investigators and pa- 
pers written on this subject is inmense as illustrated by the review of the 
oublications referenced by Van Eimern , Frost , and Cermak^. Since this 
study is concerned with the wind flow about and aerodynamic forces on photo- 
voltaic flat plate arrays, only publications that are applicable in some 
respects to this problem are briefly reviewed. 

4.1 Theoretical Developments Synopsis 

The main features of air flow over bluff bodies in contact with the ground 
is shown in Figure 4-1 and consists of the five zones ^ shown in the figure. 


— Zona 1 — — Zona 2 


Zona 3 -| - Zona 4 


Zofia 5 --- 



Zona 2: Zona of prassura rtsa 
Zona 3; Scamlino eddy lona 
Zona 4; Zona of redavaiopmant 
Zona S; Zoi\a of redavalopad flow 

Figure 4- /. Air Flow Concept About Bluff Bodies 
Immersed in the Wind Boundary Layer 
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In Zone 2, a standing vortex Is located on the windward side of the barrier 
In the corner between the ground and the windward face; the vortex diameter 
Is approximately equal to the distance between the ground and front stagna- 
tion point on the windward wall. At the barrier top edge the flow Is ac- 
celerated and separates and then reattaches to the ground at the Zone 3 - 

Zone 4 boundary downstream of the barrier at a distance of approximately 

8 9 

13-17K, where H is the height of the barrier * . The flow between the bar- 
rier and the reattached flow and below the separated flow boundary consists 
of a standing eddy zone of reduced steady state velocity and increased tur- 
bulence Indicated as Zone 3. 


The exact theoretical representation of the boundary layer equations of 
motion for Incompressible flow are the Navler Stokes equations given as: . 


Dy.. - i 

ot p 5x 

Dt p ay 

Dt p 3z 


where 


and 


and 


2_ • ^ 

Dt at ax 

72.1! + li 


ay 


w a 

3z 


ax2 3y2 ■ 3x2 

p = fluid density 
V = kinematic viscosity 

u,v,w = fluid velocity in the x, y, z directions, respectively 
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Because of the complex boundary layer flow, these equations are difficult 
to solve without simplifications even for flow over simple bluff-bodies. 

Several authors have performed theoretical analyses of the flow over bluff- 

bodies with limited success. Bitte^® employed several different theories 

to predict the flow over a two dimensional solid fence perpendicular to 

11 12 

the free stream flow. One method employed by Bitte and also Kiya * was 
the use of inviscid flow to develop the equations of motion. This method 
produced results that matched wind tunnel resuHs fai^^ly well as used by 
Sakamoto for the flow on the windward side of a fence, the flow outside 
of the standing eddy zone , and for the windward face pressure distribution 
on a fence. The flow in the standing eddy zone was not predicted using 
this method. Predicting the flow in all of the zones does require empiri- 
cal data usually obtained fran wind tunnel results. The required empirical 
data is the windward face stagnation poi - location and pressure, the se- 
paration point location and pressure and the downstream reattachment point 

14 

location, Sakamoto applied this method to include two-dimensional plates 
perpendicular to the free stream flow. He showed good comparison of the 
theoretically predicted pressures on the windward surface to those obtained 
from a wind tunnel study. Bitte also applied the concepts of turbulent 
boundary layer theory with the inviscid flow equations to predict the flow 
in the wake. He related the eddy viscosity to the mean flow through the 
Prandtl mixing length hypothesis and described the viscous turbulent atmos- 
pheric motion upstream of the fence by a logarithmic velocity distribution. 

Taulbee^^ used a rotational flow analysis, dubbed "frozen vorticity theory" 
to predict the flow and pressure distribution in front of and on the wind- 
ward surface of a forward facing step. Seginer^® proposed a method based 
on the momentum equation and knowledge of the flow field to calculate drag 
and moment on a two dimensional porous fence of porosity greater than ap- 
proximately 40 percent. Seginer did not show any comparison of his method 
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with experimental results. This method uses a logarithmic velocity profile 

and requires knowledge of the pressure and shear stress along the surface. 

Parkinson used two-dimensional compressible potential flow theory and 

conformal mapping to predict the flow and wake geometry of a symmetrical 

bluff-body (flat plate) which is not in the turbulent boundary layei or 

18 

attached to the floor. Counihan employed a simple eddy viscosity theory 
to describe the wake geometry behind two-dimensional surface obstacles in 
trrbulent boundary layers. This theory describes the mean velocity reason- 
ably well. It also suggests that the velocity deficit is affected by the 
roughness of the terrain. 

Most of these theoretical analyses require prior knowledge of the flow and 
are only applicable to two-dimensional flows. The flow predictions from 
these analyses on the windward side of a fence match results from wind 
tunnel tests fairly well. In most cases, the velocity profile in the 
standing eddy zone behind the bluff-body is not predicted. 

4.2 Experimental Studies Synopsis 

There have been numerous experimental wind tunnel studies and a few natural 
wind studies on the air flow about fences. In contrast, studies of flat 
plates inclined to the free stream velocity are relatively few in number. 

One of the more referenced studies on airflow about fences was performed by 

O 

Good and Joubert who performed a tunnel test of the flow over a fence with 
the wind boundary layer profile simulated as a 1/7 power law. Good and Jou- 
bert measured the velocity field windward and behind a two-dimensional solid 
fence as well as the pressure distribution on the fence. Of considerable 
importance in their findings is that the relative extent of upstream influence 
of the bluff plate on the boundary layer is found to increase rapidly as h/6 
decreases where h is the height of the bluff plate and 6 is the boundary layer 
thickness. Of significance in their study is that they did not correct their 
results due to tunnel blockage effects. Tunnel blockage effects were studied 
for the flow field and drag of a two-dimensional solid fence by Castro and 
was shown to significantly affect the flow field and pressures. 
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Uoodruff performed both wind tunnel tests and natural full size tests 
of from one to three fences positioned 15 times their height behind each 
other. From the tests. It appears as If the flow behind one or all three 
fences are not very different. Woodruff also performed full size tests 
of three dimensional fences ?t an oblique angle of approximately 45® to 
the air flow. The turbulent flow behind these fences also does not ap- 
pear to be much different whether the flow Is perpendicular or at an 
oblique angle, providing the flow Is compared along the direction of alr- 
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flow. This Is also shown to be true by Van Elmern provided the flow 
angles to the fence are less than 50®. 

The effect of fence porosity on the turbulent flow and fence drag Is re- 
21 22 2 '? 

ported by Jensen , Baltaxe , and Ralne . Ralne showed that a solid or 
low permeable fence (0*-20* permeable) gives slightly better wind pro- 
tection than a 34!K or 50% permeable fence (Figure 4-2). Ralne also showed 
that local turbulence Increases with decreasing permeability (Figure 4-3). 
This turbulence spectrum close to the fence Is dominated by the high fre- 
quency turbulence shed by the fence elmnents (Figure 4-4). Farther aft 
of the fence, this high frequency turbulence decays and the turbulence 
spectrum is dominated by the approach flow turbulent spectrum. Most 
authors have assumed that Reynold's numbers do not affect the flow above 
a given Reynold's number; Ralne stated that this is true only if the ratio 
of fence height to surface roughness remains constant. Ralne's findings 
Indicate that criteria related to the wind loading on panels behind a 
fence must consider the free stream turbulence, fence Induced turbulence, 
and the reduction of the free stream velocity by the fence. 

Wind tunnel studies of the air flow over flat plates inclined to the free 
stream velocity were performed by Sakamoto^^, Raju^^, and Modi^^. Sakamoto 
mounted the plate In the boundary layer profile with one edge on the ground 
plane and varied the inclination (angle of attack) of the plate from 30° to 
loO® to the free stream velocity. Windward and base pressure distributions 
were presented for the various inclination angles. Modi mounted a plate in 
the free stream air flow and varied the angle of att?rk from 0° to 90° to 


19 





X 


20 


Figure 4-2. Effect of Fence Porosity on Wind Steady State Velocity 




Figure 4-3. Effect of Fence Porosity on Wind RMS Turbulence 
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Figure 4-4. Effect of Fence Porosity on T urbulenco Behind Fence 






obtain lift and drag force coefficients. The results from Hodi's study 
were used in this contract to validate the theoretical results calculated 
using a Boeing developed computer program for separated flow analysis. 

4.3 Wind Velocity Profiles in Ground Proximity 

Investigators have assumed a variety of shapes for the velocity profile 
used in theoretical and experimental studies to match the natural boundary 
layer velocity profile found in nature. There are essentially two analy- 
tical representations used consisting of either a logarithmic or power law. 

The logarithmic representation was developed using Prandtl's mixing length 
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hypothesis. Prandtl assumed that t (length) is proportional to y (boun- 
dary layer thickness), i.e., 

£ = ky 

Then the change in velocity (V) in the boundary layer is 

31 - L. 

3y ■ ky 

which on integration yields 

V = ^ ^ T/p In y + constant 

where t = shear stress including Reynolds stress 
p = fluid density 

27 28 • 

Von Karman's hypothesis and Squire dimensional theory yield results 

which differ from Prandtl's only in the value of the consta"'*’ k. In 
general, the logarithmic profile is found to be valid only in regions 
cloie to the surface where viscous effects tend to dominate over turbu- 
lent mechanisms. Sakamoto^^’^^ and Seginer^^ used logarithmic velocity 
profiles in their studies. 

The power law for velocity distribution has its beginning in the older 
literature of aerodynamics. The power law does lend itself to matching 
experimental results. It has its origin in the early work (1913) of 
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Blasius. Prand:! proposed a velocity profile of the form 



where V * velocity at height y 

Vq* reference velocity at 6 
6 - boundary layer thickness 


and found n to equal 1/7 us'ng appropriate assumptions for (laminar shear 

stress) based on steady flow considerations. The actual value used for n 
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varies considerably among investigators. Taulbee used a power deficiency 

18 8 23 

law with several different exponents. Counihan , Good , and Raine used 

a power law .uean velocity profile with exponents of 1/8, 1/7, and 1/6, res- 
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pectively. Davenport matched theoretical power law velocity profiles to 
measured profiles over a number of different terrains and reported the re- 
sults in a table that shows the exponent to vary from 1/2 to 1/10.5. He 
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recommended using 1/7 as the exponent for most open flatlands. Sturrock 
also measured the wind profile over several types of flatland and growth. 
Figure 4-5 shows his results compared to a 1/7 power law. 


From the overall data and results presented by the numerous investigators, 
it is concluded that a power law velocity profile with an exponent of 1/7 
appears to match most of the velocity profiles found ’’n nature and is a 
satisfactory velocity profile to use for design purposes for use in open 
country terrain. 
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V/Vq @ 3.4 maters, % 

Figure 4-5, Comparison of 1/7 Power Wind Velocity Profile 
and Experimentally Determined Profiles 
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5.0 AERODYNAMIC LOADS FLAT PLATE ARRAYS 


Wind aerodynamic forces on bluff bodies is an everyday occurrence and no 
significance is placed onto its destructive potential until a strong wind 
storm occurs. After such a storm, the damaging effects of wind caused 
aerodynamic forces on bluff bodies are readily apparent by the number of 
roofs torn off of buildings, windows blown out, and trees and fences 
blown down. Of primary importance in the solar energy field is the wind 
aerodynamic forces Ihet the solar arrays may be expected to be subjected 
to during the working life of the array^. These solar arrays consist of 
in essence flat plates with aspect ratios that vary froffi uriny to very 
lar'ie. The wind caused aerodynamic forces on these arrays are similar to 
tiie aerodynamic forces on fences for large aspect ratio arrays and on sign 
boarus for small aspect ratio arrays. This study is directed at only the 
wind generated forces on large aspect ratio arrays. 


The normal force coefficients determined in aerodynamic experiments 

on flat plates has a form depicted in Figure 5-1. When a plate is ex- 

★ 

posed to the wind at a small angle of attack (angle measured from the 
wind vector to the plate), the pressure distribution is linear 
with the angle of attack. At small angles, the flow remains attached to 
the plate and potential flow aerodynamic theories are valid (Figure 5-2). 

As the angle c.‘^ attack is increased, the flow begins to separate fran the 
plate and the total pressure decreases (Figure 5-3). The boundary of the 
separated flow encompasses a region that is turbulent in nature and Is 
commonly known as the wake. With further increase in the angle of attack, 
more of the flow separates from the plate, the total pressure decreases to 
a minimum value and then gradually increases as the width of the wake 
increases, creating a larger region of turbulent flow. Since the flow 
is non-linear and turbulent at these larger angles of attack, more sophis- 
ticated analysis techniques than potential flow theories must be used to 
analyze the flow. 

*The array tilt angle and the angle of attack (when less than 90°) are identical 
in magnitude for horizontal winds. However, the definitions and implications of 
each is completely different and should be recognized. The tilt angle is 
defined as the angle from horizontal to the plane of the array, whereas the 
angle of attack is defined as the angle measured from the wind vector to the 
plane of the array. Consequently, the angle of attack varies as the direction 
of wind varies and can vary from zero to 180°, whereas the tilt angle varies 
from 0° to 90°. In addition, for angle of attack measurements the wind does 
not need to be horizontal. 
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Figure 5- /. Typical Steady State Ty^Dimensiona! Plate 
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Figun 5-Z Flow Visualization for Flat Plates at Small Angles of Attack 
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Figure 5-3. Flow Visualization for Flat Plates at Large Angles of Attack 
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Historically, aerodynamic theoretical methods and procedures have been 
developed for use in aircraft and aerospace related projects. Most of 
these methods and procedures were derived for operating in a constant 
dynamic pressure, constant velocity profile environment. The theoretical 
development and use of any aerodynamic method is much simpler if the wind 
environment is a constant veUcity profile rather than a varying profile. 
Consequently, this section evaluates the aerodynamics on high 
aspect ratio flat plates exposed to a constant wind environment. The 
effects of velocity profiles on the aerodynamics, specifically a 1/7 power 
law velocity, is appraised in Section 6.0. 

5.1 Theoretical Analysis - Constant Velocity Profile 

For fixed photovoltaic arrays that have tilt angles between 20° and 90S the 

wind angle of attack is sufficiently large that the air flow over the array 
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is in the separated flow regime. A prototype computer program was used to 
predict the wake behind the array and the pressure distribution on the array 
surfaces. Figure 5-4 shows typical results from the computer program (the 
wake definition and wind velocity on the wake boundaries relative to the 
freestream velocity for a flat plate array in close ground proximity). The 
corresponding pressure coefficient distribution on the array is shown in 
Figure 5-5. (The pressure coefficient distribution and wakes were calculated 
for a number of different angles of attack and several ground clearances 
including arrays in free air. The uescripticn of the analysis and the results 
are presented in detail in Appendix A,} It car. be seen in Figure 5-4 that the 
width and length of the turbulent wake and the wake boundary velocity at the 
array edges increases as the angle of attack (tilt angle) increases. This 
causes the pressure coefficients to increase on the array surface as the angle 
of attack increases as shown in Figure 5-5. 

Figures 5-4 and 5-5 are for a single array. Ihe computer program cannot 
analyze the aerodynamic forces on arrays in the wake of other arrays. However, 
from the literature it is estimated that an aerodynamic force reduction of as 
much as 2.5 will be attained on the arrays immersed in ti.e wake of other 
arrays. From the geometry of the arrays (assuming that one array should not 
be in the shadow of another array with the sun perpendicular to the array face) 
and that a minimum separation of arrays of 8 feet is required for maintenance 
access, the location of downwird array were determined and superimposed on 
Figure 5-4 and shown in Figure 5-6. This shows that the arrays will 
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a- 20° a- 40° a- 60° 

Tilt angle = 20° Tilt angle - 40° Tilt ai.gle = 60° 


Figure 5 - 5 . Effect of Angle of Attack on Two-Dimensional Theoretical Plate 
Pressure Distribution in Close Ground Proximity 
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Figure 5-6. Conceptual Location of Downstream Arrays Relative to 
the Upstream Arrays 





be in the wake of each other (at least at minimum array spacing) and a red'Ction 
in aerodynamic forces on the downwind arrays will be realized. 

If the tilt angle of the fixed photovoltaic arrays are less than 20°, the 
aerodynamic forces on the arrays must be analyzed by potential flow theory. 

Since these angles will seldom occur in the continental United States, the 
results of the potential flow theoretical aerodynamic analysis is only high- 
lighted in this section but is presented in detail in Appendix A together 
with the separated flow analysis. 

Figure 5-7 shows typical pressure coefficient per unit angle of attack 
distributions along the chord when in close ground proximity. The large 
pressure coefficients on the leading edge and with a center of pressure 
located at the quarter chord location are typical for flat plates at small 
angles of attack. The normal force slope coefficients along the span shown 
in Figure 5-8 are also typical for potential flow analyses. 

wnen the wind comes at an oblique angle, different than head-on to the a.'ray 
(effectively, the array is yawed to the wind), the aerodynamic pressures will 
decrease. Figure 5-9 presents the results for a single array with the array 
yawed at 45° to the wind. Figure 5-9 is a plot of the normal force slope 
coefficient along the span with the array yawed at 45° to the wind compared 
to the results for a head-on wind. The magnitude of the results for the yawed 
array are significantly lower. However, the shape of the force slope coefficient 
with the wind at 45 degrees is similar but slightly displaced compared to the 
head-on results. 

The aerodynamic pressure coefficients are useful for determining the local 
pressures on the panels of the photovoltaic arrays. To obtain the total 
aerodynamic loads on the support structure, the pressures are integrated 
over the chord to produce normal force coefficients on the panels. Using 
these normal force coefficients, the area of the panels and the wind dynamic 
pressure, the total aerodynamic force normal to the array photovoltaic panels 
can be calculated by the equation: 

" q S 
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Figure b-10 presents the normal force coefficient (Cj,^) as a function of the 
array angles of attack for both the potential and separated flow regimes. 
This figure shows that arrays with tilt angles of around 20°-25 would 
experience the lowest aerodynamic loads. 


Chord “ 2.4m (8 ft) 
Wind 9 0® 180° 



Figure 5-7. Chordwise Pressure Coefficient Distribution at Small Angles of Attack 
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Figure 5 - tO. Two-Dimensior^s! Plate Theoretical Normal Force Coefficient 
in Free Air and in Close Ground Proximity 
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5.0 AERODYN.'^MIC DESIGN LOADS AND LOAD REDUCING PROCEDURES 


Wind aerodynamic loads on a structure will always occur in nature. However, 
the design of the structure can significantly affect the magnitude of the 
aerodynamic loads on the structure. This section will present proposed wind 
design forces for high aspect ratio arrays using the results from the analysis 
technique defined in Section 5.0 and also identify several means of reducing 
the wind aerodynamic loading on f’at plate arrays. The load alleviation 
techniques are identified only as wind load reducing devices and are not 
evaluated for their initial cost requireme* ts and thus whether an actual cost 
.'' cction of the total structure is realized. 

6.1 Appraisal of Theoretical Analysis for 1/7 Power uaw Velocity Profile 

In order to develop wind design forces for high aspect ratio arrays, it is 
necessary to determine the effect of velocity profiles on the aerodynamics of 
the a''''ay,. The results in Section 5.0 were derived ""or a constant profile 
wind. This section will appraise how the results would be affected by a wind 
profile that varies as a 1/7 power law. 

The fact that the aspect ratio of the arrays studied is large, that is, the 

lengtli to chord ratio is large, the flow around tne side edges has no impact 

on the forces over .much of the structure. The side edges only affect the 

pressures very close to the side. For separated flow on a high aspect ratio 
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array, the base pressure is at least twice the windward-side pressures. 

Also, the windward pressures are affected very little by the velocity profile 
and a»'e only a function of the average dynamic pressure on the windward face. 
As a result, only the base p'^essures need to be evaluated for wind profile 
effects, and onlj the air flow over the top and bottom edges need to be 
considered for determining the base pressure distribution. 

For conditions where an array is placed in close proximity to the ground 
but with a gap between the array and the ground, air wi'il flow through this 
ground clearance gap. Because the array is blocking the air flow, the volume 
of blocked air must flow up over the top of the array or through the 
ground clearance. Because of the deflection of air caused by this blockage. 
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the air velocity must increase to allow the blocked volume of air to flow 
over and under the array. The tendency is for the air velocity to adjust 
itself to be equal at both the top and bottom edges of the array when the 
flow over the array is separated flow. If the velocities are not equal, 
there will be a pressure difference between the top and bottom on the base 
pressure side and a flow of air from the higher to lower pressure area. In 
practice, the pressures are found to be essentially constant across the rear 
side of a plate for large angles of attack. 

The difference in array aerodynamic forces resulting from a 1/7 power law 
velocity profile compared to a constant velocity profile can be appraised 
by examining the difference in the volime of air blockeo (deflected) by 
arrays using these two profiles. This volume of blocked air can be ap- 
proximated by the equation; 

Vol/unit length = V X Zarray 

where 

Zarray * height of the array 

V = average wind velocity over the height of the array 

Since the array height is equal for both velocity profiles, the volune of 
air blocked (deflected) is only affected by the average freestrearo velocity 
extending ''ver the region of tne array height (elevation from the bottom to 
the top of the array). By examining Figure 6-1 (the velocity profile of a 
1/7 power law), the difference in average velocities between the two profiles 
can be estimated. This is best done with an example as shown on Figure 6-1- 

Assume that a 2.4 m (8 ft) chord array with a ground clearance of .6 m 
(2 ft) and positioned at an angle of 90° to the ground is to be studied, 
the average velocity to use for the constant velocity profile would be 
that of th"* 1/7 power law velocity at the top of the array. This value is 
33.7 metars/sec. Estimating the average velocity for the 1/7 power law 
velocity profile from Figure 6-1 as 31 meters/sec., using the constant 
velocity profile would be conservative by 8% for the average velocity which 
translates into approximated 16% for pressures and forces, since pressures 
vary as the velocity squared. In general, the wind velocity over the top 
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and bottom edges for a constant wind pro'^'.j and a 1/7 power law profile are 
very nearly equal (8% difference using tl. ixample) with the velocity re- 
sulting from a constant wind profile being slightly larger. In calculating 
design aerodynamic loads, if the normal force and pressure coefficient data 

is obtained using a constant wind orofile and the dynamic pressure of the 
1/7 power law wind profile at the elevation of tne top of the array is used 
to calculate aerodynamic forces and pressures, the results would be fairly 
accurate and conservative. 


Elavatian 
- M«tan 



Figure & 1- One-Seventh Lew Velocity Profile 

Figure 6-2 shows an application of this procedure to obtain tha dynamic 
pressure for use in ;he calculations. The variation of dynamic pressure 
with respect to height for a 1/7 power law wind profile with a nominal wind 
speed of 40 m/sec (90 mph) at a 10 meter (32.8 ft) elevation was calculated 
and is shown in Figure F-2. From the geometry of the array (the angle the 
array makes with the g>ound, ground clearance, and array chord length), the 
elevation at the top of the array can be calculated. Figure 6-2 shows the 
elevation of an array top edge superimposed on the 1/7 power law velocity 
plot for a 2.4 m (C ft) chord array with a ground clearance of 1.2 m (4 ft) 
and for various angles that the array is positioned. The dynamic pressure 
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to be used in the force and pressure calculations can be easily determined 
from the specified wind velocity, V^, and height Z^, and plotted similar to 
Figure 6-2 for the array at its design configuration with respect to the 
ground by using the equations: 
q » 1/2P 
where 

q = dynamic pressure 
p » air density 

’ ■ '•(5)" 

’ top edge elevation of arrays 


Oynamic pressure for 1/7 
power law velocity profile 


2.4m (8lt ) array chord 
1.2 m (4 ft) sround demnce 



Figure &2. Effects^^e Wind Dynamic Pressures for Different Array Angies of Attack 


40 



(• .• 


Proposed Wind Design Forces for High Aspect Ratio Arrays 


I rum the results presented in Section 5.0 and Appendix A, and using the 
method in Section 6.1 to calculate the dynamic pressure, a set of recommended 
wind design forces were developed that should provide conservative design 
loads of array structural supports. Because of the angle of the sun over the 
continental U.S.A., the angles that the arrays will be relative to the around 
are expected to vary from 20° to 60° depending on location. Using this range 
of angles and the results from Figure 5-10, normal forces, lift forces, and 
drag forces were calculated for angles of attack from 20° to 60° and 120° to 
160° and for ground separation of distances up to 1.2 m (4 ft) but excluding 
the condition of no ground separation. The dynamic pressures used in the 
calculations were obtained using the velocity at the elevation of the top 
edge of the array from the 1/7 power law velocity profile. An interesting 
result is obtained from the force calculations: although the aerodynamic 

coefficients increase with decreasing ground clearance, the dynamic pressure 
decreases with decreasing ground clearance because of a slightly lower 
elevation at the array top edge. The net result is that the forces calculated 
at different ground clearances are nearly equal and within the uncertainty 
of the analysis. The values of the normal force, lift, and drag forces 
(average forces on the array) are tabulated as a function of ground clearance 
for various angles of attack and for the 2.4 m (8 ft) and 4.8 m (16 ft) chords 
and presented in Table 6.1. The envelope of these forces are shown in 
Figure 6-3 for both chord lengths. 

To facilitate the use of this table, the following example is presented as a 
guide. For this example, assume an array positioned at a tilt angle of 40° 
with a ground clearance of .6 m (2 ft), a slant height of 2.4 m (8 ft) and 
subjected to a design wind of 40 m/sec at 10 meters that has a 1/7 power 
velocity profile. A schematic of this con<"igura^ion and the aerodynamic forces 
are shown in Figure 6-4. 
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r«6/e 6- 1. Recommended Wind Design Loecis 
(1/7 PoMer Law Wind Profile, No Protective Barriers, Sirtgle Array) 
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NOTE: THE FORCES, Fj^, AND Fp ARE NOT ADDITIVE, SEE FIGURE 6-4 BELOW. 
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Figure 6-4. Array Configuration and Aerodynamic Force Schematic 
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The wind can approach the array from either the front or back so both 

conditions must be considered. Figure 6-4 shows the wind from the back 

which will produce an aerodynamic force normal to the array and in an upward 

direction. Conversely, a wind from the front will also produce an aerodynamic 

force normal to the array but in a downward direction. This normal force 

can be resolved into a horizontal and vertical force (drag and lift, respectively) 

by the tilt angle geometric parameter and the direction of the wind. This is 

already performed in Table 6-1 as and F^. Using Table 6-1, the average 

lormal force on the array is 20.5 psf and 15.6 psf for a wind angle of 180® 

and 0°, respectively, and for a tilt angle of 40®. For a slant height of 8', 

the normal force per foot of span is: 

F|^ = 8 X 20.5 = 164 Ibs/ft 0 wind angle = 180® 

= 8 X 15.6 =122.4 Ibs/ft 0 wind angle 0° 

If the average normal force needs to be resolved into horizontal and vertical 
components, F^ and Fj^ respectively, they can be obtained directly from the 
table as: 

Fq = 13.1 psf 0 wind angle = 180° 

= 10.0 psf 0 wind angle = 0° 

= 15.7 psf 0 wind angle = 180° 

= -11,9 psf 0 wind angle = 0° 

From this, it is seen that the vertical force is up for a wind from the rear 
and down for a wind from the front. The drag force is always in the direction 
of the wind. 

Although arrays positioned behind the windward front array would have reduced 
aerodynamic forces, the theoretically calculated reduction (limited to spacings 
with arrays not in wakes) is not sufficient to affect the results by more 
than lO^K. To obtain forces on arrays in the wake of other arrays other than 
an estimated reduction of 605^ requires use of test methods. Consequently, 
the forces shown in Figure 6-3 and Table 6-1 would be satisfactory design 
loads at this time for all of the arrays with the forces for the arrays 
behind the front array being considerably more conservative than the front 
array forces. 
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6.3 


Array Key Load Parameters and Sensitivities 


A designer can minimize the loads on the basic solar arrays by optimizing 
the position of the arrays with respect to the ground, themselves, and wind 
directions. This section identifies the key parameters on the basic array 
and their sensitivity to these parameters based on the results from Section 
5.0 and Appendix A. 

Key parameters affecting the aerodynamic loads or. arrays when the arrays are 
positioned at tilt angles greater than IS® are: 

• plate angle of attack 

• ground clearance 

• array spacing 

• array yaw angle to the wind 

• wind dynamic pi-essure (varies as the freestream wind velocity 
squared which is dependent on the reference velocity, velocity 
profile and elevation of the top of the array). 

Figure 6-5 shows the sensitivity of these parameters for typical ranges that 
these parameters may encompass. The sensitivity is shown as a function of 
the aerodynamic force for each parameter normalized to the maximum expected 
value of the parameter. 

Of th^se parameters the array yaw angle must be selected to givo the 
maximum force which occurs at zero yaw angle for most locations since the 
wind direction usually can come from any direction. For other parameters the 
aerodynamic forces increase with increasing angle of attack, wind dynamic 
pressure, and decreasing ground clearance (until very close to the ground 
where the flow becomes significantly blocked from flowing through the ground 
clearance gap). 

The sensitivity to array spacing is essentially constant when one array is 
outside of the wake of another. The wake distance depends on t^e angle of 
attack ana was calculated to be from 2 to 5 array chords in len^ th. When 
the downwind array is positioned in the wake of the upstream array, the sen- 
sitivity was estimated from the wake velocity profiles behind fences as 
determined from the literature. A wind tunnel test would be required to 
accurately determine the aerodynamic force sensitivity to this parameter. 
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Of these parameters showi in Figure 6>5, the largest aerodynamic force 
reduction can be obtained by minimizing the wind angle of attack to the 
array and the wind dynamic pressure (wind velocity). The sensitivity of 
the ground clearance and array spacing is not nearly as great as these other 
parameters . 

6.4 Protective Wind Barriers and Resulting Array Loads 

The use of wind barriers such as fences can effect some reduction in the 
steady state velocity of the wind by interrupting the air flow. Figure 4-1 
of Section 4.0 shows conceptually the flow disruption that a fence will cause. 

Based on published results in the literature and specifically from the paper 
23 

presented by Raine , reduction in the steady state velocity behind a fence 
and the resulting aerodynamic steady state loading on a structure behind 
the fence can be estimated. The velocity isotachs (lines of equal velocity) 
behind the fences of different porosity are shown in Figure 4-2. It should 
be noted that these isotachs are for the condition that no barrier exists 
downstream of the fences. Barriers downstream (such as photovoltaic arrays) 
will affect the upstream flow depending on their location and shape. Never- 
theless, these isotachs do give a quantitative idea of the flow field and 
are useful in positioning the arrays behind a fence and in evaluating the 
height and type of porosity of a fence to realize the greatest reduction 
in aerodynamic loads on the arrays. 

The isotachs in Figure 4-2 were used to translate the effect that the fence 
has on the wind velocity behind a fence using a 1/7 power law for the free- 
stream velocity profile. The wind velocity profiles are presented in Figure 
6-7 for five locations downstream shown in Figure 6-6 of a 2.5 m (8.2 ft) 
fence of different fence porosity. It should be noted that because the iso- 
tachs do not show flow directions, the velocity profiles derived from the 
isotachs also cannot show flow direction. In fact, some of the velocities 
shown in Figure 6-7 may oe reversed. From Figure 6-7, the position close to 
the fence yields the largest decrease in steady state flow velocity. This is 
partially offset because the turbulence level in the flow is increased closer 
to the fence especially at fence top elevations as indicated by Figure 4-3. 
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Nevertheless, the reduction In steady state flow behind a fence causes sig- 
nificani reduction in wind dynamic pressures (as much as 90 percent) resulting 
in a net load reduction of as much as 60% because of the increased turbulence. 
This also indicates that if one array can be placed in the wake of another 
array, significant reduction of aerodynamic forces on downstream arrays could 
be achieved. 

Performance and cost studies should be made if a wind barrier is considered as 
a ^evice to re^^’i ind aerodynamic forces. Adjusting parameters o^ such 
things as neight of fences relative to array heights, closeness of the fence 
to the array field and porosity of the fence may result in an overall cost 
reduction for an array field. Fiaure 6-8 is a cross plot of Figure 6*7 and 
details the velocity profiles as a function of fdce permeability derived 

po 

from the data prescnteo from Paine . This data shows that fences of 0% and 
20% porosity give slightly better steady state wind protection than 35% and 
50% Dorosity. However, from Figures 4-3 and 4-4 the root mean squared 
turbulence velocity (unsteady flow) is higher for the 0% porosity than the 
50% porosity fence. The overall protection afforded by the fences appears 
to be best for the 20% porosity fence although this is also dependent on the 
location (distance and elevation) behind the fence. 

A1 chough the height of the fence used in Figures 6-7 and 6-8 is 2.5 m (8.2 ft) 
high, any fence higher than this can be evaluated from these figures by 
simply I. Itiplying all scales of the figures by the ratio of new fence height 
in meters divided by 2.5 meters. The error involved using this procedure is 
minimal because the slope of the 1/7 power velocity profile curve at the fence 
height of 2.5 m (8.2 ft) and above is small. As an example, using this method 
for a 5 m (i6.4 ft) high fence would result in an erro** less than 10% for the 
velocity profiles. 

The results shown in Figures 6-7 and 6-8 can be used to estimate th . reduction 
in the wind dynamic pressures and the resulting aerodynamic forces on arrays 
positioned behind a fence. This can be oest shown by using an example of the 
effect that a fence locatea a specified distance from an array has on the 
forces in Tab^e 6-1 for one ground clearance and array slant height. For this 
example, the conditions used are a 34% I’ermeable 2.5 m (8.2 ft) fence with an 
array located 4 rieters behind the fence. The array is assumed to have a 2.4 m 
(3 ft) slant height and a 6 m (2 ft) ground clearance. 
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The top of an array with a tilt angle of 20®, ground clearance of .6 m (2 ft) 
and a slant height of 2.4 m (8 ft) would be located at: 

Z = 8 sin 20® + 2' 

= 4.75 ft. above the ground 

Examining Figure 6-8 for a 34X permeable fence and a fence distance of 4 meters, 
the velocity at a height of 4.75 ft. is approximately 34 ft/sec. The dynamic 
pressure for a 34 ft/sec wind is calculated as: 

q = 1/2 OV^ 

= .5 (.002378) (34)^ 

= 1.374 psf 

23 

Raine shows that the fence causes increased turbulence which as an estimate 
may increase the local velocity by 2 (local dynamic pressure by 4). If the local 
turbulence correlation function on the panel is one (1.0), that is, the velocity 
due to the turbulence affects all of the panel simultaneously (in phase and 
magnitude), the steady state wind loads would have to be increased by 400% to 
account for the unsteady wind loads due to turbulence. However, because 
turbulence is random, the local turbulence correlation function is much less 
than one, and the unsteady wind loads are only a fraction of the steady state 
loads varying from near zero to less than 50% . It should be noted that although 

the unsteady wind loads are less than 50% of the steady state loads, the local 
unsteady pressures on any part of the panel may be several magnitudes larger than 
the steady state pressures. Using 50% in the example, which is conservative 
for the unsteady loads , the calculated steady state dynamic pressure is in- 
creased by 50% to account for the increased turbulence : 

q = 1.5 X 1.374 

= 2.06 psf 

The dynamic pressure is calculated to be 11.7 psf without a fence. The normal 
force, drag force, and lift forces are calculated for a wind from the rear as: 

= 2.06 X 1.18 

= 2.44 psf 

Fjj = .83 psf 

Fj^ = 2.29 psf 
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Performing these calculations for all of the tilt angles presented in Table 6-1 
and for an array of dimerions detailed in this example, the normal .drag. and 
lift forces are obtained and presented in Table 6-2. Comparing Table 6-2 
to the applicable portion of Table 6-1 for the large tilt angle of 60®, the 
aerodynamic force on arrays bel'nd the lence is 60% of those without a fence. 
The reduction in wind loads at this tilt angle would be much greater if the 
top of the array was lower compared to the fence. In this example, the top 
of the array is approximately three-quarter feet (3/4') above the top of 
the fence. For heights greater than the fence height, the wind velocity 
profile rapidly increases to the undisturbed wind velocity profile (see 
Figure C.8) resulting in higher wind loads. 


Table 6-2 Estimated Wind Loads Behind a Fence 


Conditions 

Arrav chord • 2.4 m (8 ft) 

Array ground daaranoe « 0.6 m (2 ft) Fence to array separation = 4^1 

Fence height » 2.5 m (8.2 ft) Fence porosity - 34% 



Tilt 

angle 

degrees 

Alpha 

degrees 

# 

Wind 

velocity 

fps 

Dynamic 

pressure 

psf 

Cn 

psf 

psf 

•=0 

psf 

psf 



20 

20 

34 

2.06 

1.18 

2.44 

.83 

ZM 



25 

25 

34 

2.06 

1.25 

2.58 

:.09 

2.34 



30 

30 

34 

2.06 

1.34 

2,77 

^39 

2.40 

Wind 

35 

35 

36 

2.31 

1.44 

3.33 

1.91 

2-72 

from 

40 

40 

42 

3.14 

1.55 

4.87 

3.13 

3.73 

rear 

45 

45 

47 

3,94 

1.68 

a62 

4.68 

4.68 



50 

50 

53 

5,01 

1.79 

8.97 

6.87 

5.77 



55 

55 

60 

6,42 

1.89 

12.14 

9.94 

6.96 



60 

60 

69 

8.49 

1.98 

1681 

14.56 

8.41 
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60 

120 

69 

8.49 

1.70 

14.43 

1Z5Q 

-7.22 



55 

125 

GO 

6.42 

1.58 

10.14 

8.30 

-5.81 



50 

130 

53 

5.01 

1.44 

7.22 

5.53 

-4.64 

Wind 

45 

135 

47 

3.94 

1.31 

5.16 

665 

-3.65 

from 

40 

140 

42 

3.14 

1.18 

3.71 

2.39 

1 -2.84 

frc 

>nt 

35 

145 

36 

2.31 

1.06 

2,45 

1 

-2.00 



30 

150 

35 

2.06 

,95 

1.96 

.98 

-1.70 



25 

155 

34 

2,06 

; .85 

1.76 

.74 

-1.59 



20 

160 

34 

2.06 

.77 

1.59 

.55 

-1.49 
1 


*Wind velocity 4 meter behind the fence and at the height corresponding to the top of the array, 
••includes a factor of 1.5 to account for turbulence generated by the fence. 
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For more accurate results, a wirid tunnel or natural wirKl study is required 
since the air flow is influenced by the shape of the arrays and the position 
of the arrays relative to themselves and to the fence. The effect on array 
steady state aerodynamic forces for a number of fence and array parameters will 
be evaluated in a proposed wind tunnel test plan detailed in Appendix B if 
the test is implemented. 

One condition that should be avoided or protected against when using fences 

as wind protective barriers, is to avoid changing fence direction with a 
35 

sharp corner. Sharp fence comers can generate a vortex from a wind yawed 
to one side and can actually increase the wind velocity in a narrow region. 

To avoid this, the fence should be built to go around the corner in a gentle 
radius or if a sharp corner is required, to build another fence in front of 
the corner and at an angle that is perpendicular to the bisect line of the 
corner. 

6.5 Miscellaneous Potential Load Alleviation Techniques 

There are several potential load alleviation techniques that may reduce the 
wind aerodynamic loading in a more cost effective manner ttian reducing the 
freestreara velocity with protective barriers. These techniques will be dis- 
cussed in this section but without regard to detailing any values of expected 
force reductions. Each of these techniques is dependent on the detailed geo- 
metry and actual force reduction values can only be obtained by test methods. 

One of the most promising potential load alleviation techniques for high aspect 
ratio arrays is to have built-in air gaps within the array. Air gaps 
consisting of holes, slots, etc., will allow air to flow through the array;, 
and as such will cause decreased windward pressures as well as less 
negative pressures on the base pressure side. The air will move from the 
high pressure side through the air gaps to fill the air cavity on the base 
pressure side and result in a total force that is reduced from that of an 
array with no air gaps. Furthermore, this potential load alleviation tech- 
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m'que may help to keep the arrays clean because of the turbulence that will 
be generated as the air passes through the array. Oust and dirt may be 
continually swirled and have a cleaning effect on the array when there is wind 
and/or rain. The shape of the air gaps may also affect the self-cleaning 
efficiency of the array. In practice, the photovoltaic arrays will probably 
be made up of a number of modules. Air gaps could be installed cn the 
perimeter of these modules within the structure supporting the modules. 

Another potential load alleviation technique when the arrays are at large 
angles of attack is to have one edge of the array positioned on the ground 
to block the flow of air under the array and thus reduce the suction effect 
on the base pressure side of the array. Unfortunately, this raetnod of 
positioning the arrays on the ground will cause dirt to collect onto the 
lower part of the array during winds and rain because of an increased 
stagnation area on the windward side. As a result, an alternate technique 
would be to position the array off the ground but block the ground clearance 
gap around the perimeter of the array field. The advantage of this technique 
and of adding build-in air gaps within the arrays will oe evaluated in a 
proposed wind tunnel test, the proposed plan of which is detailed in 
Appendix B . 

A third technique to reduce the aerodynamic loads that does not have the 
potential of the preceding techniques but that might be Incorporated into 
manufacturing techniques with little or no additional cost, is rounding 
the edges of the array as much as possible. The more gentle the curvature 
of the edges, the less drag that the plate generates. The drag on flat 
plates is reduced using this procedure by causing flow separation from the 
plate in a much smoother manner. Improving on this condition for the rear 
side of the array, further drag reductions could be achieved with the use 
of fairings that causes a slower transition ov the flow f>^om an attached 
to a separated flow. Caution must be exercised in designing such a fairing 
that an airfoil is not developed that reduces the drag but produces larger 
lift forces. 
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6.6 


Unsteady Winds and Structural Dynamics Relationship 


The previous discussions address only winds that are In a steady state condition, 
(The previous section. Section 6.4, uses a dynamic factor on the steady state 
condition which accounts for turbulence generated by other arrays or fences). 

If the winds are gusty and turbulent, the winds have an unsteady component that 
should also be considered In the design loads for solar arrays. To accurately 
predict wind loads on an array due to the unsteady wind component Is costly, time 
consuming, and difficult to obtain. The reason for the difficultj In predicting 
these loads Is that the unsteady wind will excite the structural modes of the 
array resulting In structural vibrations of the array. These vibrations may 
attenuate because of the Internal damping In the structure or may build up and 
can even destroy the structure for conditions where phasing of the structural 
vibrations modes produce a flutter condition. To completely analyze the 
structure for unsteady wind loads, a dynamic structural analysis must be per- 
formed that considers both the wind properties (wind velocity magnitude and 
frequency content) and the array structural and aerodynamic properties (array 
aerodynamic shape and structural vibration mode shapes which Is dependent on 
the structural mass, stiffness and shape). 

In lieu of a octalled structural dynamic analysis, some Indication of the 
unsteady wind loads can be obtained from basic structural dynamic considerations. 
The root mean square (rms) turbulence velocity level and frequency content of 
the wind should be obtained at the site where the solar arrays are to be located 
since both the wind rms turbulence level and the frequency content Is affected 
by the local terrain. Once the determination of these wind unsteady parameters 
are obtained, the unsteady wind load magnitude can be approximated by scaling 
the steady state wind loads by the ratio of the rms turbulence velocity to steady 
state wind velocity. This unsteady wind load needs to be combined with the 
steady state wind loads for the total wind loads. In addition, the frequency 
of the array panels and support structure must be determined and the lowest 
frequency should be at least twice the frequency content of the wind turbu- 
lence to prevent excitation of the struc -ral model vibrations. (This should 
also be considered for the turbulence generated be fences and other arrays). 
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7.0 PROPOSED WIND DESIGN PRESSURE DISTRIBUTIONS 
FOR HIGH ASPECT RATIO ARRAYS 

The loads presented in Section 6.0 are useful in the design of the foundation' 
and supporting structure. However, to structurally design the photovoltaic 
modules and panels for aerodynamic forces, it is necessary to know the aero- 
dynamic pressure distribution across the modules and panels. The pressure 
coefficient distributions for the windward face and the base pressure face 
of the array is presented in Table 7-1 and 7-2, respectively, for various 
angles of attack (tilt angles) and array ground clearances. In addition, the 
total force coefficient and center of pressure as a function of the chord length 
and measured from the leading edge is also presented in the tables for both the 
windward and base pressure faces. 

An example is presented to show the use of these tables. An array is assumed 
at 20® , a slant height (chord) of 2.4 m (8 ft), ground clearance of .25c and 
a wind from the rear of 40 meters/sec with a 1/7 law profile. From this data, 
the actual ground clearance of the array is: 

Z = .25 (8) 

= 4 ft. 

The top of the array is at a height of: 

H - 4ft. +8sin 20° 

= 6.74 ft. 


The oynarr.ic prei sure at a height of 6.74 ft. and a 40 m/sec wind velocity 
at 10 meters s.'i'.i w'th a 1/7 power law is calculated as: 

q = .5 (.0023,(.)(99.5)^ 

= 11.77 psf 

Note: the wind velocity at 6.74 ft. is 99.5 fps , assuming standard atmosphere 

density at sea level . 

The pressures can be calculated along the chord from the table using the 
relationship that 

P = 9 Cp 
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Using a location of .88c for the fraction of the chord in this example 
(Cp = -.0222), the pressure at this location is: 

p = 11.77 X -.0222 
= -.261 psf 

which is a suction pressure or a pressure vector away from the windward 
face. This type of calculation can be performed for all locations on 
the length of the chord. 

The location of the center of pressure on the windward side is: 

X = 8 X .311 

» 2.488 ft. from the leading edge 

It should be noted that these calculations are only for the windward side. 
The pressures on the base pressure side can be similarly calculated, and 
must be algebraically added to the front surface pressures to obtain the 
total pressure (assuming the module is a single plate witJi no cavity). 
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Table 7- 1. Windward Face Pressure Coefficient Distribution 
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.316 . 417 . 514 .634 . 52 ^ .626 .686 .744 .561 .629 .643 .675 

.167 . 258 . 311 .366 .324 .392 .431 .470 .426 .471 .516 .555 



Table 7- /. Windward Face Pressure Coefficient Distribution • Concluded 
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.433 .357 .200 .374 .290 .204 .197 .102 .012 

.264 .098 .474 .144 -.031 -352 -.086 -.764 -10.32 




Teble 7'Z Flat Plate Aerodynamic Base Pressure Coefficients 
in Close Ground Proximity 
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8.0 WIND TUNNEL TEST PLAN 


Theoretical analysis techniques of boundary layer air flow over b'jf. bodies 
can at best analyze only very simple bodies and limited boundary conditions 
and must usually be supplemented with wind tunnel test results. The potential 
flow region (a = 10° - 15° for AK =») where the flow remai-'s attached to the 
airfoil is fairly well studied and the theoretical results in thi^ region 
match test results fairly well. Once the flow becomes separated, match- 
ing of the analytical results of simple airfoils and boundary conditions to 
test results is difficult. The matching of the results in this study for 
single flat plates at large angles of attack to the wind tunnel results are 
considered excellent for this type of flow even though the theoretically 
calculated base pressures appear to be overpredicted by approximately 30%. 
However, a theoretical analysis of “e flow with arrays in the wake of othe ' 
arrays is presently unattainable. 

As a result of this theoretical study, a wino tunnel test plan was developed 
(the detailed test specifications are presented in Appendix B). This test 
plan is arranged to validate the theoretical results and obtain 
results for conditions not suitable for theoretical analysis. The test plan 
is intended to confirm that for large aspect ratio arrays, the aerodynaanic 
force coefficients on arrays from studies with constant velocity profiles 
and 1/7 power law velocity profiles are essentially identical for arrays 
with chords of 2.4 m (8 ft) or greater. If this is confirmed, tests could 
be performed at most wind tunnel facilities rather than at those few facili- 
ties that have environmental wind tunnels. The test plan is also intended 
to confirm that aerody.iamic .oads are only affected in a recondary way from 
the ground clearance gap for gaps not approaching zero. Other parameters 
varied in the ter.t plan for conditions not suitable for theoretical analysis 
are corner effects from yawed wind, array spacing, fence to array spacings 
and fonce heigh*- to array height. Other potential load alleviation devices 
will be tested to determine their effectiveness in reducing the aerodynamic 
forces. These devices will consist of air gaps built into the arrays and 
the blockage of air flow beneath the arrays. 
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Fron ttie proposed wind tunnel test plan results and the analytical results 
fron this study^ a detailed set of design aerodynaulc force and pressure 
loads will be presented for detailed aodule and panel structural design as 
well aS array structural support design. The detailed set of design aero- 
dynanlc force and pressure loads will enconpass nost design conditions for 
an array field. 
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9.0 CONCLUSIONS AND RECONNENOATIONS 


A number of conclusions can be derived by examining the analytical results in 
Sections 5.0 through 7.0 and from the results reviewed in the literature and 
discussed in Section 4.0. Important conclusions regarding the wind aerodynamic 
loads on i^otovoltaic arrays ere: 

• Hinds perpendicular to the array's long horizontal axis produce the 
largest aerodynamic loads on the structure; 

• Hinds from the sideways directions to the arrays produce insignificant 
aerodynamic loads resulting only from the skin friction; 

• Aerodynamic loads increase as array tilt angles increase and are 
a maximum at a tilt angle of 90"; 

• Aerodynamic loads increase with decreasing ground clearance; 

• Arrays positioned in the wake of other arrays or behind fences 
will experience a reduction in aerodynamic loads. 

Hind aerodynamic loads peak at two tilt angles for high aspect ratn arrays 
(10"-15® and 90"). The wind loads can be the highest depending or configura- 
tion at tilt angles of 10"-15® for the wind from the front or the rear. 

Below 10"-15®, the arrays act as an efficient airfoil and can generate 
significant lift forces. Above 20®, the arrays are bluff bodies resulting 
in separated flow and high drag forces with the aerodynamic force being a 
maximum at array tilt angles of 90®. Fortunately, in the continental U.S.A., 
fixed arrays will never be at tilt angles of 10®-15® or 90®. Consequently, 
the angles of attack of highest aerodynamic forces can be avoided. For the 
practical range of array tilt a.igles (20®-60®), the wind loads increase as 
tilt angle increases. 

The effect of ground clearance greater than zero causes wind load coefficients 
to increase with decreasing clearance. This is offset by the wind dynamic 
pressure that decreases with decreasing elevation above the ground such that 
the effect of ground clearance on wind load increases only slightly for 
decreasing ground cl arance. This trend is only true for tilt angles between 
20° and 90”. Between 0-15°, wind loads increase significantly with decreasing 
ground clearance for ground clearances greater than zero. For a ground 
clearance of zero where the wind cannot flow under the array, the resulting wind 
loads are less than for arrays with ground clearances. 
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Arr«^ spacing has minimal effect on Mind loads provided the arrays are 
not in the wake of another. For arrays in the wake of other arrays, the 
array spacing effect can only t>e estimated. The wind loads are esti- 
mated to decrease with decreasing array spacing to a minimum value of 40 
percent of the array wind loads out of the wake effect. 

Fences can significantly reduce the wind ajerodynamic loads on arrays by 

as much as 60 percent. Fence heights greater than the array heights 

produce no significant benefits in increased load reductions than for a fence as 

high as the arrays. Based on Raine's results, a fence of 20 % ge<»)etric porosity 

appears to produce the highest overall wind aerodynamic load reduction 

on the arrays when considering both steady and unsteady wind effects. 

Because of unsteady wind loads, the array natural frequencies imjst be 
significantly higher than the frequency content of the turbulence. This 
is required to minimize wind loads and structural response that may occur 
from structural dynamics. If the frequencies of the array and turbulence 
are similar, large structure response may occur and needs to be calcu- 
lated using structural dynamic techniques that are structural config- 
uration dependent, both in shape and physical properties. 

The theoretically derived design wind aerodynamic forces and pressures 
can be used for design purposes since th»y are conservative. A wind 
tunnel test plan is proposed that will augment the theoretically derived 
forces by developing design wind aerodynamic forces and pressures that 
currently cannot be analyzed theoretically. The test program will also 
investigate and appraise load alleviation devices such as building 
porosity into the array. It is recommended that the proposed test plan 
be implemented in order to remove some of the conservatism from the 
analytical design forces and also include forces from load alleviation 
devices for design purposes. 
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' 10.0 NEW TECHNOLOGY 


No reportable items of new technology have been identified by Boeing during 
the contract of this work. 
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APPENDIX A 

THEORETICAL AERODYNAMIC ANALYSIS OF 
FLAT PLATE ARRAYS IN THE 
SEPARATED AND POTENTIAL FLOW REGIME 

Section 5.0' presents a brief description and discussion of the theoretical 
results. For completeness, this section presents in detail the theoretical 
aerodynamic results calculated by both potential flow and separatee flow 
analysis theories. 

A.l. Small Angles of Attack - Attached Flow 

When flat plates are positioned at small angles of attack (angles less 
than 10°) to the freestream velocity, potential flow theory aerodynamic 
methods are valid. One such method extensively used in the aircraft in- 
dustry is the Doublet Lattice Aerodynamic Program (a three dimensional 
finite element concept method that evaluates the integral equations re- 
lating pressure and normal wash on lifting surfaces) described in refer- 
ence 31. Briefly, the lifting surface (plate) is paneled into a large 
number of quadilateral boxes of which two sides are parallel to the 
freestream direction. Doublets are located along the quarter c.hcrd of 
each box and used to calculate the aerodynamic pressures over the total 
plate surface. The aerodynamic pressures a»« assumed constant over each 
box and acting at the geometric center of the box. 

Potential flow theories use a linear relationship between pressures and 
normal wash. Consequently, the Doublet Lattice Program can be exercised 
using a unit angle of attack and a unit dynamic pressure so that the 
pressures calculated over the surface are, in fact, pressure coefficients 
per unit angle of attack. 
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From these pressure coefficients per unit angle, pressures can be readily 
calculated for any condUlon using the relationship that: 
p » q C . « 

where : 


p ■ pressure 

q * dynamic pressure 

C * pressure coefficient 
P« , - 

« » angle of attack (radians) 

in addition, because the program calculates pressure coefficients on boxes 
that are located on chordwise strips with the box boundaries parallel to 
the freestream velocity, normal force curve slope coefficients can be obtained 
for each chordwise strip or for the total surface by the equations: 

respectively, 

where: 

C_ = normal force curve slope coefficient 
n« 

C * Chord length 
S * surface area 

Using this relationship with the actual environmental conditions for dyna- 
mic pressure and the angle of attack. The normal force coefficient and to- 
tal normal force on the plate surface can be calculated by: 

s « 

>qS C„ 

where: 

= normal force coefficient for the total surface 
n 

= total normal force on the surface 

It should be noted that using the preceding equations the pressures and the 
normal force can be calculated for any angle of attack because the theory is 
a linear idealization. However, since flow separation begins to occur bet- 
ween 10° and 15° angle of attack on large aspect ratio flat plates, the pres- 
sures and normal force calculations using these equations are only valid up 
to an angle of attack where separation begins. Above these angles the pres- 
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sures and normal forces are non-linear with respect to angle of attack 
and potential flow theory analyses are not valid. 

figure A-1 shows the paneling scheme modeled in the Doublet Lattice Pro- 
gram and the spanwise locations where results are displayed for che 
2 4 m (8 ft) and 4.8 m (16 ft) chord flat plate arrays. Because »ch 
box Is a constant pressure box In this technique » the density of the 
boxes should be more dense near the leading edge where the pressures vary 
rapidly If the pressure distribution In this region needs to be defined 
reasonably accurately. 



C ■ 2.4m (8 ft) and 4.8m (16 ft) 
B*span* 


*For progmn convaniwica, B ■ 36ni (120 ft) 
f^fgure A - 1. Fist Plata Ponding Used in Doublet Lattice Program 
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A .1.1 Single Array, Head-On Wind 


Figures A -2 to A-7 presents the results for a single array at various 
heights above the ground and for a head-on wind (a wind at 180^ will pro- 
duce identical results). Figures A -2 and A -3 shows the pressure coeffi- 
cients along the chord at three spanwise stations: one station at the mid 
span location and two stations near the tip for chord lengths of 2.5 m 
(8 ft) and 4.8 m (16 ft) respectively. From these figures, the pressure 
coefficients are seen to vary from a large pressure on the leading edge to 
lower pressures towards the trailing edge. The center of pressure is lo- 
cated at the quarter chord location. The shape of the pressures at all 
three stations are similar with only the magnitude of the pressures de- 
creasing towards the tip load stations compared to the mid span load sta- 
tion. These pressure coefficient distributions are typical for any high 
aspect ratio lifting surface before the onset of separatee flow. Figures 
A -4 and A -5 depict the normal force slope coefficient at the three span- 

wise stations as it varies with ground clearance. Figures A -6 and A-7 are 
crossplots of Figures A -4 and A -5 and show the normal ■force slope coefficient 
along the span for ground clearances of .6 m (2 ft) and 1.2 m (4 ft) for the 
2.4 m (8 ft) chord plate and 1.2 m (4 ft) for the 4.8 m (16 ft) chord plate. 

The theory will produce results for ground clearance vary close to the ground 
but the results begin to become questionable. This is because the theory is 
based on inviscid (frictionless) flow and the viscous flow effects become 
more important when the ground clearance becomes small. The level where the 
confidence in the results deteriorates is below the non-dimensional value of 
ground clearance/chord length (Z/C) * .25 that corresponds to the plate 
ground clearance of .6 m (2 ft) and 1.2 m (4 ft) for the 2.4 m (8 ft) and 
4.8 m (16 ft) chords, respectively. 

A .1.2 Single Array, Wind at Oblique Angles 

When the wind comes at an oblique angle different than head-on to the 
array (effectively, the array is yawed to the wind), the aerodynamic pres- 
sures will decrease. Figures A-8 and A -9 present the results fer a 
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Figure A-2. Chordwisa Pressure Coeffident Distribution et Sma/l Andes of Attack 
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Figure A‘-3, Chordwise Pressure Coefficient Distribution at Smalt Angies of Attack 
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Figure A -6. Spanwso Fores Slope Coefficient Distribution for a Flat Plate 
at Small Angles of A ttack 



% span/100 


Figure A -7. Spanwise Force Slope Coefficient Distribution for a Flat Plate 
at Small Artgles of Attack 
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sinqie array with the array yawed ut 45° to the wind (135° wind angle will 
produce identical results). Figure A -8 is a plot of the normal force 
slope coefficient along the span with the array yawed at 45° to the wind 
compared to the results for a head-on wind. The magnitude of the results 
for the yawed array are significantly lower. However, the snape of the 
force slope coefficient with the wind at 45 degrees is similar but slight- 
ly displaced compared to the head-on results. The peak loading and pres- 
sures occur slight. y cownwind of the mid span location. Figure A -9 shows 
the pressure coefficient along the chord for three spanwise stations, one 
station near each tip and one station at the span location of maximum pres- 
sure. The shape of the pressure distribution ‘s typical of flat plates at 
small angles of attack; large leading ec!ge pressures decreasing towards the 
trailing edge and the center Ci' pressure at the quarter chord location. 

The condition of an array yawed 90° tc the wind was not analyzed because no 
aerodynamic forces result from this condition except tor t.ie forces result- 
ing from skin drag. Skin drag if of many orders snalle** than the lift for- 
ces generated by a plat even at very small angles of attack for a head-on 
wi nd. 

A .1 .3 Array Fields 

When two arrays are placed in close proximity to each other, the downwash 
from the for/a rd array will cause the pressure on the downstream array to 
decrease. Also, the downstream array will cause an induced pressure rise 
on the upstream array. Figures A-IP to A -17 presents the results for two 
arrays positioned in close proximity to each other and with the wind di- 
i-ection as head-on. Figures A -10 to A -13 are for 2.4 m {€ ft) chord arrays 
and Figures A-14 to A-I7are fOr 4.8 m 06 ft) cuord arrays. Figure A-10 
si’iows the affect that ground clearance has on the array aerodynamics. The 
\ suits are very similar to the results for a single array with the aero- 
dyna.iics forces increasing with decreasing groui... clearance. The effect of 
varying the distances be - n the arrays 's shown in Figure A -11. If the 
arrays are spaced at intervals greater vnan three times the chord (3C), the 
effect of one a»'i'ay on vhe rther is ir . imal and veries very little, WHh 
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Figure A -9. Flat Plata Chordwisa rressura Ontribudon for Yawad Wind 
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Figure A ’10. Efihet of Ground Qeannce on Normal Force Curve Slope Cuefffcienis- 
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Figure A -11. £ffect of Array Saparethn on Normal rorce Curve Sfopy Coefficients 
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arrays spaced at closer intervals than three chords, the effect of one 
array on the other becomes more pronounced. The upstream array aero- 
dynamic forces increase while the downstream array forces decrease with 
decreasing array spacings. As the spacing between arrays become very 
close (less than .5C) the flow affected by the gap causes potential flow 
theory to be questionable to its validity for solar array configurations. 

The theory is valid when the leading edge of the downstream array and 
the trailing edge of the upstream array are at the same height. In the 
theory, when the plates become close the trailing edge vortex of the up- 
wind plate significantly affects the pressures on the downwind plate and 
vice versa. This effect would be significantly reduced for solar arrays 
because the leading edge of the arrays are at different heights than the 
trailing edges with the difference depending on the tilt angle of the arrays 
and the chord length. Consr>^uently, no results are shown for arrays spaced 
at intervals closer than 1.5C {.5C separation distance between arrays). 

The normal force slop.: distribution along the array span and the pressure 
coefficient distribution aT jng the chord are presented in Figures A -12 and 
A-13, respectively. These results are as expected and typical of flat 
plates at small angles of attack and a?*c very similar to the results for 
a single array. The center of pressura for Figure A -13 is located at the 
quarter chord (C/4) measured from the plate leading edge which is also typi- 
cal of flat plates in potential flow. The discussion for Figures A-lOto 
A-13 on the 2.4 m (8 ft) arrays is also valid for the corresponding Figures 
A-14to A-17on the 4.8 m (16 ft) chord arrays. 


Because the results for two arrays are similar to the results for a single 
array, no analysis was performed for the effect on the aerodynamic forces 
of array fields yawed to the v.ind. s'ne results for the yawed arrays would 
produce pressures and forces of lesser magnitude than a head-on wind con- 
dition and ds such v.’ould not be a design condition. 
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Figure A -t2. Effect of Array Sepantkxt aa Spartvme Normal Force Curve Sope Coeffidants 
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^igu^ A - 13, Chordvme PrBSsura Distribution iof Multiple Flat Plate Arrays 
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Figure A - 14. Effect of Ground Cleafance on Norntai Force Curve Slope Coefficients 
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Figure A • 15. Effect of Array Separation on Norma! Force Curve Slope Coefficients 
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Figure A ^S. Effect of Array Separation on Spanmse Normal Force Ctave Slope Coeeficients 
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' ' V .-iae Pressure Distribution for M . *tipie Flat Plate Arrays 


88 



A .2 Large Angles of Attack - Separated Flow 

Beyond angles of attack of 15° linear attached flow theory analysis must 
be replaced with separated flow theory techniques to predict the wind aero- 
dynamic forces. A prototype program has been developed by the Boeing Com- 
mercial Airplane Company fcr use in computing the lift of two-dimensional 

32 

multi -element airfoils in incompressible flow . The procedure anploys 
repeat^ application of a panel method to solve for the separated wake ois- 
placement surface using entirely inviscid boundary conditions. This pro- 
cedure allows for the calculation of lift on an airfoil (flat plate) for 
any angle of attack. Ground .‘fects can be included in the analysis by 
applying appropriate boundary conditions; the ground plane is modeled by a 
string of doublets that allow no flow through the string. Conditions that 
this analysis presently cannot solve is for lifting surfaces in contact 
with the ground or when one lifting surface is immersed in the wake of other 
surfaces. This precludes the analysis of an array field with arrays spaced 
sufficiently close such that downstream arrays at'e in the wake of the up- 
stream arrays. Because this analysis technique is time consuming and costly 
to exercise, the angles of attack selected for analysis were limited to 
20°, 40°, 60°, 120°, 140°, and 160° and with only a head-on wind direction. 

The procedure employed in using this analysis technique to obtain aerody- 
namic forces on flat plates at large angles of attack was to: 

• analyze the flow outside of the ground plane. 

• compare the results with existing published experimental results in 
the literature for identical conditions. 

• obtain a correction factor for the theoretical results by comparing 
them to the published >perimental results. 

• analyze theoretical Ij Jie plate aerodynamic forces at large angles 
and in close proximity to the ground and apply correction factors 
if deemed necessary. 
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A .2.1 Single Array In Free Air 


Figure A-18depicts a flat plate positioned at thre» different angles of 
attack to the freestrearo wind velocity and outside of any ground effects. 

The separated flow program calculated the boundary of the wake and the 
velocity on the wake boundary relative to the freestream velocity. The 
pressures on the front (windward) and rear (base pressure) surfaces for 
the corresponding angles of attack are shown in Figure A -19. The pressures 
are integrated over the chord to produce normal force coefficients for the 
front and rear surfaces and the location of the center of pressure measured 
from the leading edte. This data is tabulated and presented in Table A-1. 
Using the geometric relationship between lift, drag and nor.aal force as: 

Cj_ = Cjj cos a 

Cg = Cj^ sina 

where 

« lift coefficient 
Cg = drag coefficient 

the lift and drag coefficients were calculated Including the potential flow 

results from 0° to 10° and compared to the results published by Modi^^ and 

shown in Figure A-20. The theoretical results calculated using the separated 

flow program were approximately 30X higher than those published by Modi. 

Examining the pressure distributions in Figure A-19, the windward pressures 

appeared reasonable with a stagnation point (Cp = 1.0) lying between the mid 

chord and leading edge position. These pressures also conpare favorably 

33 

with those presented by Sachs in a text on wind forces . By examination 
and comparison to the results presented by Sachs, the base pressures were 
suspected as being overpredicted. Consequently, the base pressure was ad- 
justed at the angle of attack of 60° to match the base pressures published 
25 

by Modi . This adjustment ratio of .73 was then used to adjust the cal- 
culated base pressures for the other angles of attack. With the base pres- 
sures modified, the lift and drag forces match those published by Modi quite 
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Figure A - 18. IVa/re Definition and Velocity on Wake Boundaries 
for Flat Plates at Large Angles of Attack in Free Air 
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Figure A - 19. Theoretical Separated Flow Analysis Pressure Distribution on Two-Dimensional 
Flat Plates in Free Air 
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*Corr^ion factor » .732 based on theoretical |jrc 
coefficients compared to test results shown by M( 




well, being slightly higher; when extrapolated to 90°, the predicted drag 
coefficient is at the upper range of the drag coefficients published in 
the literature and also shown in Figure A -20* The comparison obtained 
between Modi's results, other results in the literature and the separated 
flow program results was considered excellent. Based on these results, the 
separated flow analysis program was used to predict aerodynamic forces for 
flat plates located at close proximity to the ground and at large angles of 
attack. 



Figure A -20. Theoretical - Experimental Aerodynamic Force Comparison 
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A .2.2 Single Array in Ground Proximity 


The ground clearance between the flat plate array and the ground was de- 
fined as a function of tiie plate chord. Figure A-21 pictures the wake boun- 
dary for the conditions of oi * 20® and 160® and a ground clearance of .125C. 

Of interest in Figure A-21 is that the w’^ke for a * 160® is sucked down towards 
the ground and flows parallel to the ground until it is past tdie pUte. An 
analogous phenomenon happens In nature when wind flows through a gorge that 
opens up to a valley with hills on one side. TTie wind tends to be sucked to 
the hills and flow parallel to the hills. This phenomenon (the Coanda effect) 

Is reported in papers in meteorol jo' journals'* . The pressure distribution for 
the conditions shown in Figure A-21 and also the other four angles calculated 
(40®, 60®, 120®, and 140®) are shown in Figure A -22. The normal force coef- 
ficients and the center of pressure locations for the six angles of attack (20®, 
40®, 60®, 120®, 140® and 160®) and the three ground clearances (.125C, .25C, 
and .50C) are tabulated in Table A -2- The wake buundarics and velocities on 
the wake for the tiree ground clearances and for three angles of attack 
(20°, 40° and 60°) are shown in Figure A -23. 


The base pressures on the plate for the abov» conditions are overpredicted 
as they were for the frer air condition. For angles of attack less than 
90® it is reasonable to believe that the base pressures are overpredicted 
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Figure A -21, Wake Bounds of S^iparated Flow Analysis 
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Figure A -22. Effect of Angle of Attack in T wo-Dimensiona! Theoretical Flate 
Pressure Distribution in Close Ground Proximity 
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Table A -2. Flat Flata Aerodynamic CoaWclantt In Ctoae Ground Proximity 



B 

B 

B 

1 

B 

B 

B 

B 

B 

B 

B 

B| 

fi 

B 

B 

m 

1 

B 

B 

B 

B 

B 

B 

B 

B 

6 

B 

B 

II 

B 

B 

B 

B 

B 

B 

B 

% 

S 

B 

B 

B 

M 


B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

H 

B 

B 

B 

i 

B 

B 

B 


B 

fl 

B 

B 

1 

B 

B 

B 

B 

B 

B 

B 


s|!?{s 

B 

1 


B 

i 

E 

B 

B 

E 


s 

• 

1 

\ 

• 

♦ 

B 

B 

B 

B 

B 

B 

1 

5. 

J. 


[1 

8 

9 

B 

B 

fi 

B 

B 


% 

8 



B 

B 


9. 

B 

B 

B 

B 

B 


B 

B 

1 

B 

B 

B 

B 

B 

B 

B 

IB 

B 

B 

1 

s 

ci 


B 

B 

B 

B 

B 


BB 

B 

B 

M 


B 

B 

B 

B 

B 

B 

SB 


B 

1 

l! 

i - - 


B 

B 

B 

B 

B 


BB 

B 

E 

1 

m 

B 

B 

B 

B 

B 

B 

% 

Si? 

8 

B 

n 



B 

B 


B 


4|s!« 

8 

n 

m 

B 

5 

B 

OB 

B 

i a 

ft 

«k 

H 

i! 


B 

B 

?i s 

L-J 

9 

1 

1 

1 

41 ■••1 1 

> 

J 

« 

1 

9 

J 


1 

> 

1 

£ 

J 

1 

1 

1 

1 

3 

O 

p? 

1 

1 

1 

£ 

i 

1 




































G»>oml dMTtnOP « 


1.40 » u l ecity uto thw to m imiiMi »ilodty 



" ^ ^ 

C 2C X 4C 

Diftano* from Array Chordl 


Figure a -23. Wake Definition jna Veiocity on Wake Boundaries for Flat Plates 
in Close Ground ProximitY ar>d at Large Angles of Attack 
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Figure A -23. Wake Definition and Velocity on Wake Boundaries for Fiat Plates 

in Close Ground Proximity and at Large An^es of Attack — Continued 
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by the sane anount as those in free air. ►or angles of attack greater than 
90®, the base pressures are greatly overpredicted and are considered invalid. 
These overprediction of the base pressures is believed to be caused by the 
use of inviscid flow techniques w ich result in larger flow velocities over 
the edges, and larger suction forces than for viscous flow, especially for 
angles greater than 90®. With angles greater than 90®, more volume of air 
splits in front of the plate and passes through the ground clearance gap than 
would occur if the flow was viscous. For this volune of air to pass through 
the ground clearance gap it must increase significantly in velocity. This 
Increased velocity causes larger suction forces to be developed on the base 
pressure side than would occur if the flow was viscous. It is expected that 
the base pressures for a and 180® -a would be very similar in magnitude, 
baseu on the results presented by Sakaroota^* (fiQU'*® A -24). Sakamota per- 
formed a wind tunnel study of a flat plate in contact with the ground and for 
angles of attack of 30®, 60®, 90®, 120°, and 150®. Comparing his results 
shown in Figure A -24 for a and 180° - a , the base pressures are equal or 
slightly higher in magnitude for a compared to 180® - a . Thus, if the 
base pressures calculated by the separated flow analysis program for a are 
used in place of the results for 180° - a , the results would be fairly ac- 
curate and conservative. Table A-2 shows the base pressures with this correc- 
tion and with the correction factor determined from the free air analysis as 
well as the uncorrected results. 

Another noteworthy result that can be seen from Table A -2 and Figure A-22 is 
that the plate windward side pressures and normal force coefficients increase 
as t;>e angle of attack approaches 90°. In addition, the total normal force 
coefficient on the plate also increases as the ground clearance decreases. 

This will approach a maximum prior to a ground clearance of zero. As stated 
in a text book'’ on wind forces and also demonstrated by comparing 
Figures A-24andA-22, the normal force coefficient for the condition 
where one edge of the plate is in contact with the ground is less than 
when off of the ground. This is because cf the suction effect of the 
flow passing over each edge. If one edge is in contact with the ground, 
no flow and thus no suction is effected at thi? edge and so the base pres- 
sures are a minimum for these conditions. Again examining Figure A-22, 
the center of pressure for the base pressures are always at the mid chord 
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location while the center of pressure on the windward side moves in the 
direction from the leading edge to the mid chord as the angle of attacks 
approaches 90°. The center of pressure locations are also tabulated in 
Table A-’. 



Figure A ~24. Experimental Normalized Pressure Distribution for a Two-Dimensional 
Plate in Contact with the Ground 
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A .2.3 Array Fields 


Only a few conditions were studied to evaluate the effect of one array on 
another because the analysis program was Incapable of analyzing the flow when 
one array was in the wake of another. From the separated flow analysis, im- 
mersion In the wake of the upwind array occurs vdien spacing/chord ratios are 
less than 3C for o » 20° and 5C for a * 60°. Table A -3 presents the normal 
force coefficient results for two arrays spaced at Intervals of three chords 
and five chords compared to one array by Itself for the two angles of attack 
(20° and 60°) respectively. From the results, the upwind array normal force 
coefficients increase slightly idiereas the downwind array force coefficients . 
decrease slightly. However, because of the program limitations, the benefit 
of the reduced loads from positioning arrays In the wake of another array 
cannot be evaluated analytically. One can only speculate on the load reduc- 
tion afforded by Inmerslng an array In the wake of another array from the 
wind velocity reduction behind fences. Using Ralne's result^^ as a basis, 
s steady state dynamic pressure reduction factor of as much as 1C and an un- 
steady state dynamic pressure increase factor of at most 4 can be obtained 
assuming no dynamic response of the structure. This would produce a net 
aerodynamic load reduction factor of 2.5 compared to an array not in a wake. 

This aerodynamic Toad reduction of 60 percent appears to be a reasonable 
factor to expect for arrays positioned in the wake of other arrays. 

A. 3 Summary of Results 

Using the results in Section A .1 and A. 2 for one array and the geoirotric 
relationship between the normal force, lift, and drag coefficients and angle 
of attack, corrected normal force, lift and drag coefficients were calculated. 

The base pressure corrections as discussed in Section A .2 were applied. 

Briefly, for angles of attack between 20° and 160° the base pressures for 180° 

- a were replaced by the base pressures calculated at a and also the base 

pressures were modified by the factor .73 that was found to be required in match- 
ing wind tunnel test results. Figures A -25 to A-27 summarize the results in 
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Table A -3. MulthArray Flat Flam Aerodyntanic Coefficients 


Angta of Attack * 60°, array spadng * SC 





Two Arrays 1 



One Array 






Upwind 

Downwind 

Ground dearatoa * fiat air 





Windward face 

Cn 

.56 

.57 

.61 

Base pressure face 


•1,94 

-1.93 

•1.72 

Total 


2.S0 

2.50 

2.33 

Ground etearanca • .12SC 





Windward face 


.67 

• 

.66 

.71 

Base pressure face 


•1.87 

-1.90 

•1.54 

Total 


2.54 

2.56 

2.25 

Ground clearance • .SC 


] 



Windward face 


.63 

.59 

.64 

Ba:^ pressure face 


-1.77 

-2.0 

-1.73 

Total 


2.40 I 

Z59 1 

2.ZJ 

Angie of Attack ■ 20°, array spacing 

-3C 


Ground ciearsnce * .12SC 

— 

— 



WiiKiward face 

Cn 

.63 

.63 

.69 

Base pressure 


-.97 

-.99 

-.81 

Totrf 


1.60 

1.62 

1.50 
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Sect^ons A .1 and A .2. From the summary results shown 
in these figures, it can be seen that the arrays should not be positioned 
at angles of attack where the flow remains attached (10® to 15®). At 
these small angles, the arrays act as an efficient airfoil. The lowest 
aerodynamic loads on the structure occur at angles slightly greater than 
10® - 15® where the flow has separated but the aerodynamic force from the 
separated flow is at a miniiman. This occurs near a = 20®. 

At angles greater than 15® to 20® r the difference between the force coef- 
ficients for ground clearances of .125C to .5C is minimal. The results for 
array fields are not presented because with the limitations of the theore- 
tical analysis, the results for the windward array for all practical pur- 
poses is identical to the single array results. The results for the down- 
stream array (not inmersed in upstream array wake) are slightly reduced 
from the single array and thus using single array results would be slightly 
conservative. Experimental results are required for more closely spaced 
array fields. The yawed w^nd condition to the arrays was also not pre- 
sented since it produces lower loads than the head-on condition and,. as a 
result, is not a critical design condition. 



Figure A -25. Two-Dimensional Plate Theoretical Normal Force Coefficient 
in Free Air and in Close Ground Proximity 
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Figure A -26. Two~Diimnsional Plate Theoretical Drag Coefficient 
in Free Air and in Close Ground Proximity 



Figure A -27. Two-Dimensional Plate Theoretical Lift Coefficient 
in Free Air and. in Close Ground Proximity 
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APPENDIX B 


PHOTOVOLTAIC ARRAY WIND TUNNEL TEST PLAN 


The specifications for a wind tunnel test of photovoltaic arrays to deter- 
mine detailed aerodynamic pressures and loads for various key array para- 
meters and load reducing techniques follows: 

I. Photovoltaic Array Model Requirements: 

1) 10 flat plate models sized to span the tunnel when at 90° to airflow 
consisting of: 

a) 8 flat plate dunsny models sized to 8 ft. and 16 ft. chords; 

b) 1 test flat plate model with pressure taps located at the mid- 
span location and 15% of chord from the end of the span and 2 
test flat plate mc^els with pressure taps located only at the 
midspan location. Pressure taps are required on both front and 
rear surfaces and spaced in the chordwise direction such as to 
adequately define the pressure distribution on both surfaces. 

The pressure taps at the mid-span station will be used and 
assumed to represent the pressures over all of the individual 
plates of the array when the flow is 90° to the array. The 
pressure taps at 15% of the chord from the span edge will be 
used to evaluate the pressure loading near the array edges caused 
by flow disturbance from forward plate edges when the plates are 
at small yaw angles to the airflow. 

2) The array model is required to be raised from the grouna plane to c/2 
above the ground plane. 

3) The array plates are required to be rotated about "y" from 20° to 60° 
and 120° to 160° with the test angles being 20°, 30°, 45°, 60°, 120°, 
135°, 150°, and 160°. 

4) The array plate spacing needs to be varied from dense to sparse spacing. 
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5) To study the edge effects, the array is required to rotate approximately 
20° into the wind about the z axis and the array edge positioned near 
the center of the tunnel to prevent wall effects. 

II. Load Alleviation Model Requirements 

1) Fences of 20* and 35% porosity and sized for actual height of 6 ft., 

8.2 ft. and 16.4 ft. high and length that spans the tunnel. 

2) Plate porosity to be located at the boundary of each module. 

3) Panels to be attached to the array plates to block the flow from 
flowing under the plates, 

III. Wind Tunnel Test Requirements - Steady State Test 


A. Constant wind profile - design wind velocity * 40 m/s 
i ) one plate 



i1) multiple plates - measure pressures on plates 1, 2 and 5. 
ground clearance is .125c 


separation 
distance (x) 

20“ 

30“ 

Angles 

45“ 

of Att 
60“ 

ack ( a 
120“ 

) 

135“ 

150“ 

160“ 

1.5 c 


y 




X 

X 

X 

1.75c 



✓ 






3.0 c 




i 

X 1 

X 

X 

j 

X 


Repeat for ground clearance *= .25c 

**0nly do x's if the normal force for these angles are gt eater than for 
the cr> ires ponding acute angle forces 
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B. 1/7 power wind profile - design wind velocity of 40 m/s at 10 m 
Plat, chord » 8 ft. 
i } one plate 


Ground 

Clearance (z) 

20” 

o 

O 

Angle; 

45” 

of At 
60” 1 



tack ( c 
120” 

») 

135” 

160“ 

O 

o 

0 ft 

✓ 

B 


B 





2 ft 

✓ 


ay 


y 

y 

y 

y 

4 ft 



✓* 







ii) multiple plates - measure pressures on plates 1, 2 and 5 
ground clearance is 2 ft. 


Separation 



Angles of Attack ( a ) 



Distance (x) 

20” 

30” 

45” 

60” 

120” 

135” 

0 

o 

in 

r- 

160” 

12 ft 

y 

y 

y 



X 

X 

X 

’5 ft 

y 

y 

y 

y 

y* 

y 

y 

y 

24 ft 

y 

y 

y 

y 

X 

y 

X 

X 


Repeat for ground clearance * 4 ft. 

**0nly do x's if the normal force for these angles are greater than for 
the corresponding acute angle forces. 

11;; repeat (11) for ground clearance of 2 ft. only and with fence 10 ft. 
in front of array for: 

a) 6 ft. fence of porosity 20% and 35% 

b) 8.2 ft. fence of porosity 20% and 35% 

iv) repeat (ii) for ground c'earance of 2 ft. only and with fence 20 ft. 
in front of array for: 
a) 8.2 ft. fence of ponjsity 35% 
v) repeat (Iv) with fence 40 ft. in front of array. 

Pressures on the plates need onl> be recorded for plates 1, 2 and 5. 
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C. 1/7 power wind profile - Optional 
Plate chord * 16 ft. 

1) multiple plates - measure pressu es on plates 1,2 and 5. 
ground clearance fs 2 ft. 


Separation 
Distance (x) 

O 

O 

CM 

30" 

Angle 

45" 

s of A 
60" 

ttack ( a ) 

120" 1 135" 1 

150" 

160" 

24 ft 






X 

X 

X 

32 ft 


✓* 


✓ 






Repeat for ground clearance - 4 ft. 

**See note from B 

ii) repeat (1) for ground clearance of 2 ft. and ..•1th fence ’3 ft. in 
front of array and porosity producing min. loads in (B(iii). 

a) 8.2 ft. high fence 

b) 16.4 ft. high fence 

0. Edg#» effects 

Repeat B{ii) for ground clearance of 2 ft. and with array rotated into 
flow for: 

a) 10" 

b) 20" 

c) 0" 

The pres:>L're need only to be recorded from the pressure taps located 
near the array side edge. The array should be repositioned such that 
the wall pf the tunnel does not affect the edge pressures. 

E. Other load alleviation devices 

a) Repeat B(ii) with flow blocked from flowing under the array plates 

b) Repeat B(ii) for ground clearance of 2 ft. only and With pr osity 
built into the plates fOr the following combination of tnoduie sizes. 




y 

4* 

8- 

4* 


Iv/ 

no 

00 

no 



16' 

no 

no 
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Movie 


Snwke visualization should be performed for each test and tnotion 
pictures taken so that a movie can be made of the test. 

III. Wind Tunnel Test Requirements - Unsteady Test 

A. 1/7 power wind profile 

1} multiple plates - measure unsteady pressures on plates for one 
condition of test III B(iii) that is multiple plates with a 
fence positioned in front of the array. 

Note: Besides pressure measurements along the chord, force r«suUs 
are desired by integrating the pressures over the chord. 
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